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$ VSHFLDO IRUP RI K\GURG\QDPLF OXEULFDWLRQ HODVWRK\GURG\QDPLF OXEULFDWLRQ (+/ LV JHQHUDOO\ HQFRXQWHUHG LQ PHFKDQLFDO
FRPSRQHQWVLQYROYLQJKLJKO\VWUHVVHGQRQFRQIRUPDOFRQWDFWVXFKDVJHDUVFDPVUROOHUEHDULQJHWF(+/LVFKDUDFWHUL]HGZLWK
VXEVWDQWLDO HODVWLF GHIRUPDWLRQ RI WKH LQWHUDFWLQJ VXUIDFH DQG SLH]RYLVFRXV ULVH LQ OXEULFDQW YLVFRVLW\ ZKLFK DVVLVW ODUJHO\ LQ
HYROXWLRQRIORDGFDUU\LQJIOXLGILOP
,Q WKH FXUUHQW SDSHU WKH HIIHFW RI VXUIDFH URXJKQHVV RI GLIIHUHQW PDJQLWXGH LQ (+/ OLQH FRQWDFW RQ SUHVVXUH GLVWULEXWLRQ LV
FRQVLGHUHG$WWKHVDPHWLPHJUDSKEHWZHHQILOPWKLFNQHVVZLWKUROOLQJGLUHFWLRQLVSORWWHGZKLFKJLYHVUHDGHUWKHNQRZOHGJH RI
(+/ILOPWKLFNQHVV6WHDG\VWDWHHIIHFWRI(+/ZLWKOLQHDUSLH]RYLVFRVLW\UHVSRQVHDWORZSUHVVXUHLVWDNHQLQWRFRQVLGHUDWLRQ
)XOO LVRWKHUPDO1HZWRQLDQ VLPXODWLRQRI WKH(+/SUREOHP LV GLVFXVVHG ,W LQYHVWLJDWH WKH SUHVVXUH GLVWULEXWLRQ RI VLQXVRLGDO
ZDYLQHVV LQ WKH OLQH FRQWDFWPRUHSUHFLVHO\ LW VWXG\ WKH HIIHFW RI OLQHDU SLH]RYLVFRXV IOXLGRQ VXUIDFH URXJKQHVVRI GLIIHUHQW
DPSOLWXGH LQ  VWHDG\ VWDWH (+/ OLQH FRQWDFW *UDSKV SORWWHG JLYHV WKH FOHDU LGHD WR WKH GHVLJQHUV WKH EHKDYLRXU RI VXUIDFH
URXJKQHVV ZLWK VHYHUDO DPSOLWXGH DQG ZDYHOHQJWK E\ OLQHDU SLH]RYLVFRXV OLTXLG OLNH  'LPHWK\OSHQWDQH / KLJK
WHPSHUDWXUHOXEULFDQWDQGZDWHUJO\FROVROXWLRQRIWZRZDWHUSHUFHQWDJHDQGH[SRQHQWLDOIOXLGOLNHVDQWRWUDF 6
7KH5H\QROGVHTXDWLRQZKLFKJRYHUQVWKHJHQHUDWLRQRISUHVVXUHLQWKHOXEULFDWHGFRQWDFWLVGLVFUHWL]HGXVLQJILQLWHGLIIHUHQFHV
DQG VROYHG DORQJ ZLWK WKH ORDG EDODQFH HTXDWLRQ XVLQJ 1HZWRQ5DSKVRQ WHFKQLTXH $ FRPSXWHU FRGH LV GHYHORSHG IRU
LPSOHPHQWDWLRQRIVROXWLRQDOJRULWKP 7KHUHVXOWVDUHREWDLQHGWRVWXG\WKHOLQHDUDQGH[SRQHQWLDOSLH]RYLVFRXVHIIHFWRQVXUIDFH
URXJKQHVVRQWKH(+/FKDUDFWHULVWLFV
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 ,QWURGXFWLRQWR(+/
(ODVWRK\GURG\QDPLF OXEULFDWLRQ (+/ LV D IRUP RI K\GURG\QDPLF OXEULFDWLRQ LQ ZKLFK GXH WR KLJK FRQWDFW
SUHVVXUH EHWZHHQ QRQFRQIRUPDO FRQWDFWV VXFK DV UROOLQJ FRQWDFW EHDULQJV FDPV DQG WDSSHWV JHDUV HWF HODVWLF
GHIRUPDWLRQRIWKHFRQWDFWLQJVXUIDFHVWDNHSODFHDQGYLVFRVLW\YDULDWLRQZLWKSUHVVXUHWDNHQLQWRFRQVLGHUDWLRQ,Q
(+/ WKH YLVFRVLW\RI WKH OXEULFDQWV VKRZLQJ H[SRQHQWLDO SUHVVXUH YLVFRVLW\ UHODWLRQ LQFUHDVHV VLJQLILFDQWO\ZLWK










IDLOXUHRI WKH OXEULFDWLRQV\VWHPRUFKDQJHRI OXEULFDWLRQ IURPIXOOILOPWRPL[HG(+/%RWKRI WKHVHSKHQRPHQD
EULQJ D ODUJHU SRUWLRQ RI WKH FRQWDFWLQJ VXUIDFHV XQGHU GLUHFW FRQWDFW OHDGLQJ WR KLJK FRHIILFLHQW RI IULFWLRQ DQG
KHQFH KLJKZHDU UDWHV 7KLV FDXVHV SUHPDWXUH IDLOXUH RI WKH FRPSRQHQWV ,W LV WKHUHIRUH LPSRUWDQW WR VWXG\ WKH
PLQLPXP ILOP WKLFNQHVV RI WKH OXEULFDQW ILOP XQGHU D JLYHQ VXUIDFH URXJKQHVV DQG WKH FRUUHVSRQGLQJ FRQGLWLRQ
XQGHUZKLFKWKHFRPSRQHQWPD\ZRUNVDIHO\6HYHUDOHIIRUWV KDYHEHHQPDGHLQWKLVUHJDUG
6HYHUDOUHVHDUFKHUVKDYHXVHGWKLVDSSURDFKWRDQDO\VHWKHHIIHFWRIVXUIDFHURXJKQHVV LQ(+/FRQWDFWVVXFKDV
&KDQJ  DQG $L DQG =KHQJ  7KH PDMRU GUDZEDFN RI PLFUR(+/ DSSURDFK LV WKH GLIILFXOW\ RI
UHSUHVHQWLQJUHDOLVWLFURXJKQHVVSDWWHUQVZKLFKDUHUDQGRPLQQDWXUH6LQFHWKHVROXWLRQLVLQDQXPHULFDOIRUPWKH
KLJKIUHTXHQF\FRQWHQWVRIWKHURXJKQHVVDUHILOWHUHGRXWWKURXJKWKHGLVFUHWL]DWLRQSURFHVV7KHUHIRUHDVXIILFLHQWO\
GHQVH JULG FRQILJXUDWLRQ LV QHFHVVDU\ WR REWDLQ DQ DFFXUDWH GHVFULSWLRQ RI WKH LUUHJXODULWLHV IHDWXUHV ZKLFK
VLJQLILFDQWO\LQFUHDVHVWKHFRPSXWDWLRQDOHIIRUWVDQGVWRUDJHUHTXLUHPHQWV7KHUHIRUHPLFUR(+/DQDO\VLVLVPDLQO\
XVHGIRU(+/FRQWDFWVEHWZHHQDVPRRWKVXUIDFHDQGDURXJKVXUIDFHZLWKUHODWLYHO\ODUJHVL]HLUUHJXODULWLHV$IHZ
UHVHDUFKHUV VXFKDV/XEUHFKW DQG.ZHK  KDYHXVHG WKLVDSSURDFK WRDQDO\VH(+/FRQWDFWVRIZDY\
VXUIDFHV+RZHYHUWKHLUDQDO\VHVDUHOLPLWHGWRVWHDG\VXUIDFHFRQGLWLRQDQGVLQJOHVLQXVRLGDOZDYHZLWKUHODWLYHO\
1RPHQFODWXUH










































$Q H[WHQVLYH UHYLHZ RI WKH VWXGLHV RQ VXUIDFH URXJKQHVV HIIHFWV LQ HODVWRK\GURG\QDPLF OXEULFDWLRQ KDV EHHQ
SUHVHQWHGDERYH$OWKRXJKPDQ\ZRUNHUVKDYHXVHGVLQXVRLGDOURXJKQHVVEXWWKHLUDQDO\VHVDUHPRVWO\UHVWULFWHGWR
ORQJZDYHOHQJWK VXUIDFHURXJKQHVVZKHUHDVLWLVZHOONQRZQWKDWWKHWRSRJUDSK\RIUHDOLVWLFVXUIDFHVFRQWDLQVKRUW
ZDYHOHQJWK FRPSRQHQWV+HQFH LW LV UHTXLUHG WR VWXG\ WKH LQIOXHQFH RI VXUIDFH URXJKQHVVZLWK VKRUWZDYHOHQJWK
OHVVWKDQWLPHVWKH+HUW]LDQKDOIFRQWDFWZLGWK$OVRPRVWRIWKHZRUNHUVKDYHVWXGLHGWKHEHKDYLRXURIURXJK
(+/FRQWDFWVZLWKDIL[HGDPSOLWXGHDQGZDYHOHQJWKRIVXUIDFHURXJKQHVV7KHUHIRUH LW LVUHTXLUHGWRLQYHVWLJDWH
WKHHIIHFWRIYDU\LQJ WKHDPSOLWXGHDQGZDYHOHQJWKRI VXUIDFH URXJKQHVVRQ WKH(+/EHKDYLRXURI UROOLQJVOLGLQJ
OLQHFRQWDFWVIRUYDULRXVVSHHGORDGFRPELQDWLRQVDQGVOLGHWRUROOUDWLRVXQGHUVWHDG\VWDWHFRQGLWLRQV
 3UHVVXUH9LVFRVLW\&RHIILFLHQW
,I SUHFLVH GHVFULSWLRQV RI WKH SUHVVXUH GHSHQGHQFH RI YLVFRVLW\ ZHUH UHTXLUHG IRU HYHU\ ILOP WKLFNQHVV WKH
FODVVLFDOILOPWKLFNQHVVIRUPXODVZRXOGQRWKDYHEHHQYHU\XVHIXO,QVWHDGDVLQJOHSDUDPHWHUNQRZQDVWKHSUHVVXUH
YLVFRVLW\ FRHIILFLHQW KDV EHHQ HPSOR\HG WR TXDQWLI\ WKH SLH]RYLVFRXV UHVSRQVH DORQJ WKH LQOHW ]RQH 7KLV LV D
SRZHUIXOFRQFHSWZKLFKVKRXOGKDYHSURYLGHGDZHOODFFHSWHGDQGXQLTXHGHILQLWLRQ7KHUHKDYHEHHQKRZHYHU
PDQ\ GHILQLWLRQV OHDGLQJ WR D ODUJH UDQJH RI SRVVLEOH YDOXHV IURP D VLQJOH YLVFRVLW\ SUHVVXUH GDWD 7KH SUHVVXUH
YLVFRVLW\FRHIILFLHQWĮZDVRULJLQDOO\EDVHGXSRQ WKHH[SRQHQWLDO%ULGJPDQ(TXDWLRQ IRUUHODWLYHO\KLJKSUHVVXUH
H[S SDPP  






















SUHVVXUH±YLVFRVLW\ UHODWLRQVKLSV 5HFHQWO\ 3 .XPDU  DGGUHVVHG WKH SUDFWLFDO VLWXDWLRQV LQYROYLQJ KLJK
RSHUDWLQJ WHPSHUDWXUHV ORZ YLVFRVLW\ OXEULFDQWV DQG ZDWHUJO\FRO VROXWLRQV ZKHUH WKH OXEULFDQW SLH]RYLVFRXV
UHVSRQVH LVPRUH FORVHO\ GHVFULEHG E\ D OLQHDU UHODWLRQVKLS 7KHUH LV D VXEVWDQWLDO GLIIHUHQFH EHWZHHQ WKH SLH]R
YLVFRVLWLHVUHSUHVHQWHGE\DVLPSOHH[SRQHQWLDODQGDOLQHDUUHODWLRQVKLS$VSRLQWHGRXWLQWKHLQOHWYLVFRVLW\RISXUH
K\GURFDUERQGLPHWK\OSHQWDQHPD\EHFRQVLGHUHGOLQHDUDWRUGLQDU\ WHPSHUDWXUHVDQGVLPLODUO\DOLQHDUILWFDQ
EHREWDLQHGIRURFWDQHDQG WROXHQHDVZHOO7KHDLUFUDIWHQJLQH OXEULFDQWV OLNH/DQG/XVHG LQ WXUELQH
EHDULQJV RSHUDWLQJ DW YHU\ KLJK WHPSHUDWXUHV DUH NQRZQ WR H[KLELW OLQHDU UHVSRQVH DW ORZ SUHVVXUH ZLWK VRPH
DFFXUDF\ LV JLYHQ 6LPLODU EHKDYLRXU FDQ EH REVHUYHG IRU ZDWHUJO\FRO VROXWLRQV ZKLFK KDYH EHHQ UHSRUWHG WR
SURGXFHWKLQQHUILOPVDVFRPSDUHGWRFRQYHQWLRQDOOXEULFDQWVIRUWKHVDPHRSHUDWLQJFRQGLWLRQV
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1RQ'LPHQVLRQDO3UHVVXUH




































FRQYHUJH D µµ%DUXV OLTXLG¶¶ )RU WKH SXUSRVH RI FRPSDULVRQ WKH GLPHQVLRQOHVV JURXSV RI 0RHV  DQG RI
+DPURFNDQG'RZVRQ ZLOOEHXVHGZLWKRXWIXUWKHUFRPPHQWDVWRWKHDSSURSULDWHQHVVRIWKLVVHOHFWLRQVKHDU















































































































:KHUH E[;  LV WKH QRQGLPHQVLRQDO [FRRUGLQDWH DORQJ WKH ILOP +SS3  LV WKH QRQGLPHQVLRQDO
SUHVVXUH
+S EHLQJ WKHPD[LPXP+HUW]LDQSUHVVXUH UUU  LV WKHQRQGLPHQVLRQDO IOXLGGHQVLW\ U EHLQJ
WKHLQOHWGHQVLW\RIWKHOXEULFDQW   E5S(8. +c LVDGLPHQVLRQOHVVFRQVWDQWDQG    XXX6  LVWKH



































w DW ; ; R 
 )LOP7KLFNQHVV(TXDWLRQ
7KHILOPWKLFNQHVV(TXDWLRQLQQRQGLPHQVLRQDOIRUPLVJLYHQE\





:KHUH  E5 GG LV WKH QRQGLPHQVLRQDO HODVWLF GHIRUPDWLRQ DQG  GHQRWHV WKH XQGHIRUPHG ZDYLQHVV
JHRPHWU\JLYHQE\
















































































































)RU WKH GHULYDWLRQ RI (+/ ILOP WKLFNQHVV HTXDWLRQV IRU OXEULFDQWV ZLWK OLQHDU SLH]RYLVFRVLW\ WKH %DUXV OLQHDU
SLH]RYLVFRXV(TXDWLRQLVXVHGZKLFKLV




   ^ `> @]R S OQH[S uu PPP 
:KHUH
 OQ  u
  P
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&RHIILFLHQWRIIULFWLRQ FRI  LV WDNHQDVWKHUDWLRRIWRWDOVKHDUIRUFHRIWKHOXEULFDQWDW WKHVXUIDFHERXQGDULHV
DQGWKHDSSOLHGQRUPDOORDGDV H[SUHVVHGLQQRQGLPHQVLRQDOIRUPDV
 










3UHVVXUH :DWHUJO\FRODW& / 6



















































KDVEHHQ VKRZQKHUH UHSUHVHQW WKHSUHVVXUH DQG IOXLG ILOP WKLFNQHVVSURILOH XQGHU VWHDG\ VWDWH FRQGLWLRQ IRU ERWK
OLQHDUDQGH[SRQHQWLDOSUHVVXUHYLVFRVLW\UHODWLRQVKLSV
 (IIHFWRIĮ9DULDWLRQ
)LJXUH  &RPSDUHV WKH SUHVVXUH JHQHUDWLRQ IRU OLQHDU DQG H[SRQHQWLDO SLH]RYLVFRVLW\ DW Į *3D DQG Į
 *3D7KHUHLVQRWWRRPXFKYDULDWLRQDVYDOXHRI Į YDULHVIRUERWKUHODWLRQVEXWIRUH[SRQHQWLDOSUHVVXUHVWDUW
LQFUHDVLQJQHDULQOHWDWKLJKHU Į YDOXH7KHUHLVPXFKSUHVVXUHVSLNHVLQH[SRQHQWLDOIOXLG UHODWHWROLQHDUIOXLG)RU
H[SRQHQWLDO DV ĮGHFUHDVHVPD[LPXPSUHVVXUHLQFUHDVH DQGDWKLJKHU Į WKHUHLVSUHVVXUHVSLNHVDVVKRZQLQILJXUH 
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 (IIHFWRI$PSOLWXGH9DULDWLRQ
)LJXUH  DQG ILJXUH  VKRZVWKHFRPSDULVRQRI3UHVVXUHYDULDWLRQIRUOLQHDUDQGH[SRQHQWLDOUHODWLRQUHVSHFWLYHO\
ZLWK DPSOLWXGH YDULDWLRQ$V DPSOLWXGH LQFUHDVH WKH YDOXH SUHVVXUH LQFUHDVH DQG GXH WR LQFUHDVH LQ SUHVVXUH ILOP
WKLFNQHVVGHFUHDVHV'XULQJWKHVWDUWRIF\FOHDWKLJKHUDPSOLWXGHYDOXHRIPLQLPXPILOPWKLFNQHVVLVJUHDWHUWKDQ
WKH ORZHUDPSOLWXGHDQGDIWHUVRPHWLPHYDOXHRIPLQLPXPILOP WKLFNQHVVIRUKLJKHUDPSOLWXGHEHFRPHOHVV WKDQ
ORZHU DPSOLWXGH DQG DIWHU KDOI F\FOH WLPHPLQLPXP ILOP WKLFNQHVV LQFUHDVHV DQGEHFRPHV JUHDWHU WKDQ WKH ORZHU
DPSOLWXGH
 (IIHFWRIOLQHDUDQGH[SRQHQWLDOOXEULFDQWRQSUHVVXUH GLVWULEXWLRQ
)LJXUH  VKRZV WKH FRPSDULVRQ RI SUHVVXUH YDULDWLRQ IRU OLQHDU DQG H[SRQHQWLDO SLH]RYLVFRXV IOXLG 7KH
PD[LPXP SUHVVXUH 3 LQ FDVH RI H[SRQHQWLDO LV  DQG IRU OLQHDU  IRU WKH FRQGLWLRQ JLYHQ 6R
PD[LPXPSUHVVXUHIRUH[SRQHQWLDOLVJUHDWHUWKDQOLQHDUDQGLQWHUHVWLQJSRLQWWREHQRWHGKHUHLVWKDWWKHPLQLPXP
ILOPWKLFNQHVVIRUH[SRQHQWLDOFDVHLV QP DQGIRUOLQHDULV  QP LHJUHDWHULQH[SRQHQWLDOWKRXJKLWV
SUHVVXUHLVJUHDWHUDQGLWFDQEHVHHQLQ ILJXUH  7KHYDOXHRIILOPWKLFNQHVVIRUH[SRQHQWLDOIOXLGLVJUHDWHUWKDQWKH
OLQHDUUHODWLRQ
 (IIHFWRIOLQHDUDQGH[SRQHQWLDOOXEULFDQWRQILOPWKLFNQHVV
)LJXUH  VKRZV WKHFRPSDULVRQRI ILOP WKLFNQHVVYDULDWLRQ IRU OLQHDUDQGH[SRQHQWLDOSLH]RYLVFRXV IOXLG )RU
FRQGLWLRQ $ 3+ Ȝ Į *3D DQG8  PLQLPXPILOPWKLFNQHVVLQFDVHRIH[SRQHQWLDO LV
QP DQG IRU OLQHDU LV  QP FHQWUDO ILOP WKLFNQHVV LQ FDVH RI H[SRQHQWLDO LV  QP DQG IRU OLQHDU LV
QP 6R WKH PLQLPXP ILOPWKLFNQHVVIRUH[SRQHQWLDOLV IRXQGWREH JUHDWHUWKDQOLQHDUDVVKRZQLQILJXUH 
$WWKHVDPHWLPHPD[LPXPSUHVVXUH 3 IRXQG LQFDVHRIH[SRQHQWLDOLVDQGIRUOLQHDULVLQWKLV
FDVHDOVRSUHVVXUHIRUH[SRQHQWLDO LVJUHDWHUWKDQOLQHDU )LJXUH  LVHQODUJHGDQGSORWWHGDJDLQE\WDNLQJ;YDOXHV
IURP WRWRJHW FOHDUYLHZDQGVKRZQLQILJXUH 
;














YDULDWLRQ$ $ DWȜ Į *3D
8 3+  3D IRUOLQHDUUHODWLRQ
)LJ &RPSDULVRQRISUHVVXUHIRUOLQHDUDQG
H[SRQHQWLDOSUHVVXUH YLVFRVLW\UHODWLRQDW3K *3D
8 $ DQGĮ *3D
;













906   Nitesh Talekar and Punit Kumar /  Procedia Materials Science  5 ( 2014 )  898 – 907 
;

















































Ȝ Į *3D8 3+  3D IRU
H[SRQHQWLDOUHODWLRQ
;
















Į *3D DQGĮ *3D DW8 $ Ȝ 
DQG3+ *3DIRUOLQHDUDQG H[SRQHQWLDOUHODWLRQ
)LJ &RPSDULVRQRIPLQLPXPILOPWKLFNQHVV
SURILOHIRU$ 3K  3DȜ Į *3D
8  IRUOLQHDUDQGH[SRQHQWLDOUHODWLRQ
)LJ &RPSDULVRQRIPLQLPXPILOPWKLFNQHVV
SURILOHIRU$ 3K  3DȜ Į *3D
8  IRUOLQHDUDQG H[SRQHQWLDOUHODWLRQ
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